Large anisotropic remnant magnetization tunability in (011)-La2/3Sr1/3MnO3/0.7Pb(Mg2/3Nb1/3)O3-0.3PbTiO3 multiferroic epitaxial heterostructures Appl. Phys. Lett. 100, 043506 (2012) Induced magnetic anisotropy and spin polarization in pulsed laser-deposited Co2MnSb thin films J. Appl. Phys. 111, 023903 (2012) Room temperature ferromagnetism in transparent Fe-doped In2O3 films Appl. Phys. Lett. 100, 032404 (2012) Chemical ordering of FePt films using millisecond flash-lamp annealing J. Appl. Phys. 111, 023902 (2012) Probing origin of room temperature ferromagnetism in Ni ion implanted ZnO films with x-ray absorption spectroscopy J. Appl. Phys. 111, 013715 (2012) Additional information on J. Appl. Phys. We have deposited hexaferrite films of BaFe 12 O 19 on both sides of a magnesium oxide, ͑111͒ MgO, substrate by the liquid phase epitaxy ͑LPE͒ deposition technique. The procedure entailed the deposition of seed layers of BaFe 12 O 19 onto the substrate by laser ablation deposition and then dipping of the substrate into a molten flux. Whereas the seed layers were the order of 0.5 m, the total thickness after LPE deposition was ϳ45 m. The ferrimagnetic resonance linewidth at 60 GHz, 27 Oe, is as low as it has ever been measured before in BaFe 12 O 19 to the best of our knowledge. The static field measurements of the saturation magnetization and anisotropy field were in agreement with previous measured bulk values.
I. INTRODUCTION
The deposition of magnetic films on two sides of a substrate was initiated about 20 years ago. The purpose of double-sided growth deposition was to grow very thick films of yttrium-iron-garnet ͑YIG͒ on gadolinium-galliumgarnet ͑GGG͒ substrates. For example, thickness on the order of 100 m ͑total of 200 m͒ was possible by depositing YIG films on GGG substrates by the liquid phase epitaxy ͑LPE͒ deposition technique. The rationale for depositing doublesided films was that the strain induced during growth on the two surfaces of the substrates would cancel each other sufficiently to allow thicker film deposition of YIG. The growth of single layers of YIG on GGG induced strain 2 between the film and substrate due to the thermal expansion coefficient differential between the film and substrate. Typically, films of the order of 10-15 m would peel off or craze or simply crack under the strain. The strain induced by the lattice constant mismatch between a YIG film and GGG substrate was negligible compared to the strain induced from the thermal expansion differential. Surface quality, defects, grooves on the surface, etc. conceivably can also induce strain. This source of strain can be dismissed if the surface is reasonably polished. By depositing YIG on two surfaces of GGG it was then possible to induce two strain fields which approximately canceled each other.
We have extended the above idea 1 to the growth of hexaferrite films of BaFe 12 O 19 on both surfaces of a ͑111͒ magnesium oxide ͑MgO͒ substrate. Glass et al. 3 3 procedure, since buffer layers as deposited require no postannealing. Also, we used substrates of MgO instead of sapphire. The lattice constant match between the film and substrate improved, but not the thermal expansion coefficients of the two materials. The point of this work was to minimize strain effects due to thermal expansion differentials between the substrate and film by depositing two-sided films on the MgO substrate. In Sec. II we describe the preparation of the seed or buffer layer, LPE technique, and material preparation as related to the overall growth procedure. In Sec. III, x-ray, scanning electron microscope ͑SEM͒, vibrating sample magnetometer ͑VSM͒, and ferrimagnetic resonance ͑FMR͒ characterization measurements are presented. In Sec. IV, there is discussion and our conclusions are summarized.
II. MATERIAL PREPARATION
The deposition of double-sided films of BaFe 12 O 19 on a substrate of ͑111͒ MgO involved the following step-by-step procedure.
A. Deposition of seed layers
Substrates of ͑111͒ MgO were utilized, since the lattice constant mismatch between the film and substrate was mini- After depositing one seed layer of 0.5 m on one side of MgO, we flipped the side over and deposited another seed layer on MgO. In Fig. 1 the VSM measurement of a typical seed layer of 0.5 m thick is shown. The symbols Ќ denote that the external field is applied perpendicular to the film plane and ʈ parallel to the film plane. The fact that the hysteresis loops exhibited curvature at saturation fields for the Ќ case and the coercive field was 1.0 kOe implied a nonuniform distribution of the demagnetizing field and defects in the film, indicating poor film quality. Nevertheless, the c axis was on average aligned perpendicular to the film plane. X-ray and VSM measurements confirmed the c-axis alignment.
B. Film growth by the LPE technique
We used barium-based flux for LPE growth, since it is much less volatile than bismuth-or lead-based flux, and thus avoided contamination by barium ferrite from those cations. A 150 mL platinum crucible was used to hold the melt. The starting amount of powder mixture occupied two thirds of the volume of the crucible. The crucible was replenished with about one fourth of the initial weight mixture as the carbonates decomposed into CO 2 gas and evaporated. The crucible was heated to 1200°C in an enclosed furnace. After decomposition of the carbonates was complete, the crucible was replenished with small amounts, of the order of 10-20 g, of the powder mixture as it was heating. Pellets of the powder mixture were added only after the bubbling ceased. The bubbling was caused by the evaporation of CO 2 gas. The melting procedure was closely monitored in order to avoid overflow of the melt. After all of the powder mixture was melted, it was heated again to 1150°C for 8 -12 h to ensure a uniform melt. At this point we assumed that the hexaferrite composition was complete and that it was in a liquid state in the molten flux. Finally, the melt was cooled down to room temperature.
Prior to dipping the substrate into the melt, the melt was stirred with a substrate holder made of platinum wires at 1100°C. After 2 h the holder was lifted out of the furnace, and the temperature of the furnace was reduced slowly to between 850 and 920°C. The growth temperature ranged between 850 and 920°C. Generally speaking, the higher the content of iron, the higher the saturation temperature, or the cooling down temperature. For growth temperatures below 830°C, for example, nonmagnetic crystals ͑probably barium borate͒ were predominant in the growth of the film on the substrate.
When the temperature had been cooled to the desired growth temperature, the substrate was lowered into the melt for deposition. The substrate was preheated at a position about 5-10 mm above the melt for about 10 min. The temperature of the melt was maintained at a constant value or at a slowly decreasing temperature during growth. The typical growth temperature was 850-920°C. It should be noted that spontaneous crystallization on the holder should be avoided. A large amount of spontaneous crystallization greatly reduced the growth rate, and also degraded the quality of the films. The growth rate was typically about 5-6 m per hour. The substrate was rotated at about 30 rpm during growth in order to avoid depletion of the hexaferrite melt content in the crucible, and to ensure homogeneous temperature of the melt. After removal of the substrate from the melt, the substrate was cleaned in a solution of dilute nitric and acetic acid to remove nonferrite residues. The ferrite films were then characterized by x-ray diffraction ͑XRD͒, SEM, VSM, and FMR measurements. For the VSM and FMR measurements we mechanically polished away one layer so that we could examine one layer at a time. Interestingly, the surface of the substrate exposed to the bottom of the crucible grew a thicker layer than did the other surface of the substrate. 
III. CHARACTERIZATION MEASUREMENTS

A. X-ray measurements
The film grew with the c axis normal to the substrate plane ͓͑111͒ plane͔. This finding was confirmed from x-ray diffraction measurements using Cu K␣ radiation and a conventional diffractometer equipped with a goniometer. Measurements of multiple orders of diffraction from atomic planes parallel to the substrate surface were used to verify the hexagonal structure, shown in Fig. 2 . SEM was used to examine the surface of a typical layer, shown in Fig. 3 . An hexagonal platelet can be seen on the surface of the substrate, further confirming that the surface was indeed the basal plane of the hexagonal structure.
B. Magnetic characterization measurements
The magnetic moment measured as a function of the external field H by the VSM is shown in Fig. 4 . H was applied perpendicular to and in the plane of the film. In this measurement the total thickness of the layer was 23 m. The coercive field was less than 10 Oe. As one would expect from a single-crystal hexaferrite, the remanence was nearly zero due to the large demagnetizing fields. It can be noticed that for H in the film plane there is a small barely perceptible curvature of the M vs H curve near Hϭ0. The curvature is a result of there being a small amount of ferrite deposited along the edge of the substrate, since bulk single crystals have lower H c . For example, VSM data of bulk single crystal platelets did not exhibit such a curvature. The saturation magnetization, 4M s , was measured to be 4.4 kG which corresponds to bulk values reported in the literature. 6 The uniaxial magnetic anisotropy field, H A , could not be measured with our VSM equipment, since the maximum field available to us was 13 kOe which was less than H A of BaFe 12 O 19 . 6 However, we were able to measure H A utilizing FMR. In Fig. 5 we have plotted the FMR frequency as a function of H for H applied perpendicular to the film plane or parallel to the c axis. FMR was performed on one of the layers ͑ϳ23 m thick͒ deposited on ͑111͒ MgO. The other layer deposited on the other surface was mechanically removed. For fields above saturation (4M s Х4.4 kOe), the measured resonance dispersion obeys the following relation:
where f is the resonance frequency in GHz, and H is the resonance external field in kOe, and ␥Јϭ2. For fields below saturation, magnetic remanence depends on the approach to saturation, giving rise to microwave resonance hysteresis. Resonance data observed for increasing H fields during FMR experiments are marked by circles. For H swept in a decreasing manner ͑from high to low fields͒ data are shown by squares in the plot. The microwave hysteresis behavior observed is the result of nonlinear 7 resonance excitations in the multidomain configurations for H below saturation fields of 4.4 kOe.
Finally, the FMR linewidth, ⌬H, is plotted as a function of frequency from 43 to 60 GHz, as shown in Fig. 6 . We see that the average ⌬H is about 30 Oe. The lowest ⌬H of the LPE film was measured to be 27 Oe at 56 GHz, seen in Fig.  7 . The linewidth of single crystal spheres of BaFe 12 O 19 was measured 8 to be ϳ35 Oe at 75 GHz. It is interesting to note that ⌬H was 9 also measured to be independent of the frequency from 50 to 110 GHz. FMR linewidth measurements by Karim et al. 8 indicated that ⌬H increased from 25 to 45 Oe as the frequency was varied from 60 to 90 GHz. However, with a small amount of Mn impurity ͑ϳ0.8%͒ added to the chemical composition of barium ferrite it altered the slope of ⌬H versus frequency significantly. It appears that starting materials and the purity of the melt may be very critical in the magnetic relaxation process of hexaferrite materials, especially in M-type hexaferrites.
IV. DISCUSSION AND CONCLUSION
It appears that it may be possible to deposit thick double layers of BaFe 12 O 19 or M-type hexaferrites on ͑111͒ substrates of MgO. A total thickness of 45-50 m of sufficiently good quality was achieved. For practical device fabrication we would require thickness of the order of 100 m. However, thicker films imply longer growth time. For example, 100 m thick films ͑50 m on both sides of the substrate͒ imply growth time of the order of 8 -10 h. For industrial use the growth condition should be improved in order to reduce the growth time. In addition to MgO substrates we used sapphire, quartz, and alumina substrates. We did not succeed in growing BaFe 12 O 19 films on these substrates by the LPE/ LAD technique. However, the use of a sapphire substrate presents somewhat of a paradox. Glass et al. 3 be so. However, one cannot ignore the results of Glass et al. 3 Future research should focus on the importance of the preparation of seed layers relative to the growth plane in the deposition of thicker films.
